We studied the effect of protein and protein-free energy intake on the degradation rate of myofibrillar protein in preruminant calves in two experiments. Both experiments were similar in design but were performed with two live weight ranges: 80 to 160 kg (Exp. 1 ) and 160 to 240 kg (Exp. 2). In each experiment, calves were allocated to either an initial slaughter group or to one of 12 treatments (three calves per treatment), which consisted of six protein intake levels at each of two protein-free energy intake levels. Calves were slaughtered and analyzed for body composition when they had reached the target weight. A balance trial was performed when calves had reached 120 and 200 kg BW in Exp. 1 and 2, respectively. Myofibrillar protein degradation rate was measured by the urinary excretion of 3-methylhistidine. Correction of 3-methylhistidine excretion for myofibrillar protein mass was performed based either on the urinary creatinine excretion rate or on estimated body composition during the balance trial. In both experiments, fractional rates of myofibrillar protein degradation increased with increasing protein intake ( P < .01). Fractional degradation rates increased with increasing protein-free energy intake in Exp. 1 ( P < .10) and in Exp. 2 ( P < .05). We conclude that the increased protein deposition rates, reported earlier, induced by nutrient intake are accompanied by increased myofibrillar protein degradation rates. Furthermore, we consider urinary creatinine excretion to be unreliable as an estimator of myofibrillar protein mass in experiments in which a large range of nutrient intakes is applied.
Introduction
Growing animals generally respond to increased feed intake by increasing their rates of weight, protein, and fat gain, but increased rates of gain are often associated with decreased efficiencies. In preruminant calves, the efficiency of utilization of digestible protein for protein deposition decreases with an increasing protein deposition rate (Gerrits et al., 1996) . Also, the energy costs per gram of protein deposited seem to increase with increasing protein deposition rate (Millward, 1989; Reeds, 1991) . Protein turnover increased with increasing protein deposition rates in rats (Jepson et al., 1988) and lambs (Liu et al., 1995) and can contribute to decreased efficiencies.
Myofibrillar proteins constitute 50 to 55% of skeletal muscle proteins (Goll et al., 1989; Van den HemelGrooten et al., 1995) , which contain approximately 50% of the whole-body protein in growing cattle (Schulz et al., 1974; Early et al., 1990) . Little information is available about changes in myofibrillar protein turnover with changes in protein deposition rate in fast-growing calves. Our main objective was to study the effect of protein and protein-free energy intake on the rate of myofibrillar protein degradation in preruminant calves weighing 120 or 200 kg.
Urinary excretion of 3-methylhistidine ( 3-MH) is often used as an index for myofibrillar protein degradation in cattle. Differences in urinary 3-MH excretion can be due either to differences in myofibrillar protein mass or to differences in the turnover rate per unit of myofibrillar tissue. The urinary creatinine excretion rate is often used to correct for differences in myofibrillar protein mass (McCarthy et al., 1983; Williams et al., 1987; Funaba et al., 1996) . Alternatively, fractional degradation rates are computed, in which the muscle or myofibrillar mass is often assumed to be a fixed proportion of live weight (Gopinath and Kitts, 1984; Smith et al., 1992; Funaba et al., 1996) . Our secondary objective was to compare urinary creatinine excretion as a measure of myofibrillar mass with an estimation, based on chemical carcass analyses, presented previously (Gerrits et al., 1996) .
Materials and Methods
Two experiments of similar design were performed with two weight ranges: 80 to 160 kg BW (Exp. 1 ) and 160 to 240 kg BW (Exp. 2). Both experiments were approved by the ethics committee of the TNO Nutrition and Food Research Institute, Zeist, The Netherlands. The experimental design and slaughter procedures have been presented elsewhere (Gerrits et al., 1996) and are summarized below.
Animals and Experimental Treatments. Male Hol-
stein Friesian × Dutch Friesian calves ( n = 90) were used in the two experiments. In Exp. 1 and 2, 8 and 10 calves were used for a reference group, respectively. In each experiment, 36 calves were assigned to one of 12 dietary treatments. The dietary treatments consisted of six protein intake levels at each of two protein-free energy levels (see Gerrits et al., 1996) . The digestible protein-free energy intakes were 663 and 851 kJ·BW −.75 ·d −1 in Exp. 1 and 564 and 752 kJ·BW −.75 ·d −1 in Exp. 2. Digestible protein intakes ranged between .90 and 2.72 g N·BW −.75 ·d −1 in Exp. 1 and between .54 and 2.22 g N·BW −.75 ·d −1 in Exp. 2. Digestible energy intakes were kept constant on a protein-free basis to prevent the exchange of dietary carbohydrates for fats. The ratio of energy intake from carbohydrates to energy intake from fat was maintained at around one in both experiments. The nutrient and ingredient composition of the milk replacers, as well as the realized nutrient intakes, averaged over the experimental period, were presented by Gerrits et al. (1996) .
Balance Trial. The calves received the dietary treatments from the start of the experiments onward (i.e., 80 and 160 kg BW in Exp. 1 and 2, respectively). At an average weight of 120 and 200 kg BW in Exp. 1 and 2, respectively, plastic bags were harnessed to all calves to allow quantitative, separate collection of urine and feces. Urine was collected in buckets containing 50 mL of 9 N H 2 SO 4 . After a 5-d adaptation period, feces and urine were collected daily for 5 d, pooled per calf over the collection period, and stored at −20°C pending analysis. To avoid effects due to differences in body weight of the calves, the balance trials in Exp. 1 and 2 were carried out in three and four separate periods, respectively. Calves were selected for the balance trial in the period in which their expected BW was closest to the target weight.
Body Composition Analysis. Calves were slaughtered at the beginning (reference groups) and at the end of each experiment (160 and 240 kg BW in Exp. 1 and 2, respectively). Body components were split into three fractions (carcass, organs, and hide + head + feet + tail), which were analyzed for nitrogen, fat, dry matter, and ash content, as described by Gerrits et al. (1996) .
Urine Analysis. Urine samples were analyzed for creatinine by colorimetry, based on Peters (1942) . Extinctions were read at 500 nm, 20 min after the addition of 5 mL of picric acid reagent (18 mM picric acid, .28 M NaOH) to 20 mL of centrifuged urine (1,160 × g, 15 min).
Urinary 3-MH concentrations were determined by HPLC. Urine samples were prepared by centrifugation (15 min; 10,000 × g) . The supernatant was centrifuged ( 3 h, 5,000 × g) through a cellulose membrane (Ultrafree-CL 10,000 NMWL, Millipore Co., Bedford, MA). After centrifugation, .5 mL of filtrate was mixed with .5 mL of tetraborate buffer (40 mM NaOH, 18 mM Na 2 B 4 O 7 , 2% methanol) prior to filling HPLC loading vials. Separation and quantification of 3-MH was performed using an anion exchange column (250 × 4 mm, CarboPac PA1, Dionex Corporation, Sunnyvale, CA) with a similar guard column (50 × 4 mm). Column temperature was maintained at 22°C, and the injection volume of each sample was 10 mL. A three-step gradient was used to elute the amino acids as follows: 100% tetraborate buffer, 6 min; linear change to 100% sodium acetate buffer (.4 M NaOAc, 1 mM NaOH, 2% methanol) in 10 min; and 100% sodium acetate buffer, 5 min. The column was regenerated between each sample by elution with borate buffer (.56 M NaOH, .65 M H 3 BO 3 ) for 10 min, followed by equilibration with tetraborate buffer for 11 min. Flow rate of the eluent was 1 mL/min. Postcolumn derivatization was performed with ophthalaldehyde followed by fluorescence detection (Waters M470, Milford, MA) with emission set at 338 nm and excitation set at 468 nm. 3-Methylhistidine eluted at 7.2 min and was quantified using external calibration. To ensure proper peak identification and recovery, a known amount of a 3-MH standard (Sigma Chemical, St. Louis, MO) was added to three urine samples and analyzed as described above. The recovery of the 3-MH added was 98 ± 1.0%.
Calculations. Measurement of urinary 3-MH excre-
tion is a technique to quantify myofibrillar protein degradation and has been validated for use in cattle (Harris and Milne, 1981; McCarthy et al., 1983) . It is assumed that the breakdown rate of all myofibrillar proteins is similar, or at least similarly affected by the nutritional treatments. In the discussion, an attempt is made to quantify contributions of protein sources other than muscle (i.e., the gastrointestinal tract [GIT] , hide, and heart) to urinary 3-MH excretion. The fractional degradation rate of myofibrillar protein ( FDR) was calculated by using the 3-MH excretion rates and estimations of 3-MH pool size, the latter based on chemical carcass analyses:
The size of the 3-MH pool in myofibrillar protein was calculated by multiplication of the muscle protein mass by the 3-MH content in mixed muscle protein (594 mg/kg; Nishizawa et al., 1979) . As previously reported (Gerrits et al., 1996) , growth and protein deposition rates were strongly affected by the experimental treatments. Consequently, differences in muscle protein mass might be present during the balance periods, which were carried out at a fixed BW in each experiment. Therefore, muscle protein mass was estimated from the fat-free dry matter of the carcass using the large contrast in ash content between muscle and bone tissue:
where X = the fat-free dry matter mass ( FFDM) in muscle (kg); Y = FFDM in bone (kg); Z = FFDM in carcass (kg); a = ash content in muscle tissue (48 g/ kg FFDM; Schulz et al., 1974) ; b = ash content in bone tissue (548 g/kg FFDM; Nour and Thonney, 1987) ; and c = ash content in carcass (g/kg FFDM). The respective amounts of ash and FFDM in carcass were measured at the end of each experiment (at 160 and 240 kg BW in Exp. 1 and 2, respectively; Gerrits et al., 1996) . Equations [2] and [3] can be solved for X and Y, and the amount of protein in muscle and protein in bone tissue can be calculated by difference between FFDM and ash. Muscle protein mass of each calf at the start of the experiment was estimated using initial body weight and the average ratio of muscle protein mass to body weight of the respective reference group. The muscle protein mass of the calves during the balance trial was estimated by interpolation between the start and end of the experiments.
Statistical Analysis. Three and five animals were excluded from the statistical analysis of the balance trial from Exp. 1 and 2, respectively, due to illness or diarrhea. See the legend of Figure 1 for the number of animals used in each treatment.
The effects of protein and protein-free energy intake on 3-MH and creatinine excretion rates, muscle protein mass, the 3-MH:creatinine ratio, and the FDR of myofibrillar protein measured in the balance trials were analyzed using the following model [4] . Due to the experimental design, the balance trials in both experiments were carried out in several periods. Nevertheless, some variation in body weight of the calves at the time of the balance trial existed. Therefore, the actual weight of the calves at the time of the balance trial was included as a covariate.
in which y = dependent variable, m = average intercept, E i = fixed effect of protein-free energy intake level i, b 1 = effect of live weight; b 2 = effect of protein intake, b 3i = interaction between protein intake and protein-free energy intake level i, W j = live weight of calf j during the balance trial, W = 120 and 200 kg live weight in Exp. 1 and 2, respectively, X j = digestible protein intake of calf j during the balance trial, X = the average experimental digestible protein intake during the balance trial, and e ij = error, i = 1, 2, j = 1 ... 18. All regression procedures were performed using SAS (1989) .
Results
The excretion rate of 3-MH increased with increasing digestible protein intake in both experiments (Table 1 ) and was higher at the high protein-free energy intake level in both experiments, although this effect was not significant in Exp. 1. Both indicators of muscle protein mass (i.e., creatinine excretion and the carcass protein, corrected for bone protein) increased or tended to increase with protein intake in both experiments. However, the effects of protein-free energy intake on these measures of muscle protein mass were not similar. Muscle protein mass estimated from chemical carcass composition tended to be higher ( P < .10) at the low protein-free energy intake level in Exp. 1 but was similar for both protein-free energy intake levels in Exp. 2. The creatinine excretion rates, however, were higher at the low protein-free energy intake in Exp. 1, whereas in Exp. 2 the opposite effect was found.
The 3-MH excretion rate, corrected for differences in muscle protein mass by division by the creatinine excretion rate (3-MH:creatinine ratio), did not vary with protein intake in either experiment. Protein-free energy intake increased the 3-MH:creatinine ratio in Exp. 1, whereas this ratio was unaffected in Exp. 2. Correcting the 3-MH excretion rate by dividing it by the 3-MH pool size calculated from carcass analysis (FDR) resulted in a more consistent picture of treatment effects in the two experiments. The FDR did not parallel the 3-MH:creatinine excretion ratios in either experiment. In both experiments, FDR increased with increasing protein intake ( P < .01), but also with increasing protein-free energy intake (see Figure 1 ; Exp. 1, P < .10; Exp. 2, P < .05).
Calves at the lowest protein intake level at the low protein-free energy intake in Exp. 2 showed remarkably low 3-MH excretion rates (75 ± 7.5 mg/d; n = 3). This also affected the 3-MH:creatinine ratio and the FDR (see Figure 1) , causing the interaction between protein and protein-free energy intake on these measures in Exp. 2. When this group was omitted from the statistical analysis, these interaction terms were no longer significant ( P > .10).
Discussion

Muscle Protein Turnover as Affected by Dietary
Treatments. There is little information on the separate effects of protein and protein-free energy intakes on myofibrillar protein turnover in preruminants. In the present experiments, the FDR of myofibrillar protein and the empty-body protein deposition rates of these calves show similar responses to nutrient intake (Gerrits et al., 1996) , suggesting that the FSR of myofibrillar protein would also increase with increasing nutrient intake. Pearson correlation coefficients between the FDR and the reported empty body protein deposition rates are .54 ( P < .001) and .65 ( P < .001) in Exp. 1 and 2, respectively. In beef cattle, several researchers found increased FDR in response to increased feed intakes, measured with the 3-MH method, but the changes often did not reach a level of statistical significance. Smith et al. (1992) found increased FDR of muscle protein when feed intake increased from .8 to 1.7 × ME intake for maintenance (ME m ) in beef cattle. However, when feed intake was increased further to 2.1 × ME m , FDR dropped. Jones et al. (1990) gave cattle of approximately 300 kg BW during 80 d either restricted (BW gain .65 kg/d) or ad libitum access (BW gain 1.25 kg/d) to feed. They found the FDR of the ad libitum group to be an average of .7%/d higher than of the restricted group (3.4 vs 2.7%/d, respectively). This difference, however, was not statistically significant, which is surprising, considering the large contrast between these dietary treatments. Possibly, the short urine collection periods (24 h ) in their experiments contributed to the large experimental error.
Increased rates of protein turnover with increasing growth rates have been reported in several species: pigs (Reeds et al., 1980) , rats (Jepson et al., 1988) , and lambs (Liu et al., 1995) . In most cases, the increased growth rates were induced by increased protein rather than by increased protein-free energy intakes. Protein deposition rates can be easily increased in most species by increasing substrate availability, provided that energy is not limiting protein retention. In the present experiments, increased protein-free energy intakes were realized by increasing energy intake from carbohydrates and fats in a fixed ratio. Increased protein-free energy intakes Figure 1 . Response of fractional degradation rates (FDR) of myofibrillar protein to digestible protein intake at two protein-free energy intake levels at two different body weights. High energy intake level (-, ÿ, π, +) and low energy intake level (− − −, o, ∫). Values are means ± SEM, n = 3 (ÿ, o), n = 2 (π, ∫), or n = 1 (+).
were observed to stimulate whole-body protein deposition rates. Distinct protein-and energy-dependent phases in the deposition of protein could not be shown (Gerrits et al., 1996) . In line with the whole-body data, fractional accretion rates of myofibrillar protein were also increased at the high protein-free energy intake in both experiments (results not presented). It is therefore interesting to note that these increased deposition rates, obviously not caused by increased substrate availability, are accompanied by higher myofibrillar protein turnover rates. These findings are in contrast with the suggestion of Reeds et al. (1981) for growing pigs that increased carbohydrate and fat intakes increase protein synthesis but not degradation rates.
Contribution of Non-Skeletal Muscle Tissues to
Urinary 3-Methylhistidine Excretion. The urinary 3-MH excretion rates found in the present experiments (.4 to .8 mg·BW −1 ·d −1 ) are in a similar range to those found by others for a similar type of cattle (Harris and Milne, 1981; Williams et al., 1987; Funaba et al., 1996) .
Urinary 3-MH is frequently used in cattle as an indicator for muscle protein degradation. However, non-skeletal muscle tissues containing 3-MH (e.g., heart and smooth muscles of the GIT and skin) have been reported to contribute to urinary 3-MH excretion. These contributions depend on the amount of 3-MH present in these tissues and the FDR of these tissues. Recently, the contribution of the GIT and skin to urinary 3-MH was shown to be 25% in rats (Nagasawa, 1995) , whereas the portal-drained viscera were found to contribute less than 6% in pigs (Van den Hemel-Grooten et al., 1997) .
Calculating from the 3-MH concentration per gram of nitrogen (from Nishizawa et al., 1979) , nitrogen contents, and the weights of the heart, hide, and GIT (our own unpublished data), it seems that these tissues contained 2.5, 1.0, and 1.0% of the whole-body 3-MH pool, respectively, in the present experiments. If the FDR are assumed to be 4%/d for hide protein (see Gerrits et al., 1997) and 5%/d for heart protein (calculated from fractional synthesis rates [FSR] of pigs, Simon, 1989) , these tissues would contribute 2.2 and 2.5% of the urinary 3-MH excretion, respectively. If the 3-MH-containing cells of the GIT are having a turnover rate of two to three times that of skeletal muscle (FDR = 4%/d), the GIT would contribute 7% of the total urinary 3-MH excretion in the present experiments. Although extremely high FSR have been reported for GIT tissues, (e.g., Attaix and Arnal, 1987 ; on average about 55%/d for the entire GIT in preruminant lambs), protein synthesis bears only little relation to protein degradation. Apart from the method used to measure protein synthesis and the growth of the GIT itself, the vast majority of the protein synthesized is not likely to contain any 3-MH and is secreted in the GIT-lumen, thus not contributing to urinary 3-MH. Considering the function of 3-MH-containing tissues in the GIT, it is unlikely that the FDR of these tissues are much higher than that of skeletal muscle. It seems that, as in pigs, the contribution of sources other than skeletal muscle are of minor quantitative importance, as stated earlier by Harris (1981) . Although the absolute level of FDR measured with this method may be affected by neglecting contributions from other sources, for comparison of, for example, dietary treatments, the method is appropriate.
Methods of Correction of Urinary 3-MH for Muscle
Protein Mass. A fair comparison of myofibrillar protein degradation between treatments requires correction of the 3-MH excretion rates for differences in the 3-MH pool size. Two methods were considered: calcu-lation of FDR, based on the "carcass method" (explained previously) and correction of urinary 3-MH for urinary creatinine excretion. The calculated FDR and urinary 3-MH:creatinine ratio were expected to respond similarly to the experimental treatments. However, protein intake increased the FDR, but it did not affect the urinary 3-MH:creatinine excretion ratio (Table 1) . This implies that the correction of the 3-MH excretion rate for muscle protein mass by the creatinine method is stronger than correction based on the carcass method. This difference can be due to errors in either method.
The analysis commonly used for determination of creatinine, based on Jaffe's reaction, is not entirely specific (see Spencer, 1986) . Moreover, there are indications that plasma creatinine levels and the creatinine excretion partly reflect the nutritional status of the animal, particularly protein (Spencer, 1986; Van den Hemel-Grooten, 1996) . The carcass method, described previously, neglects the presence of connective proteins, which have been reported to constitute up to 30% of the carcass protein (Williams, 1978) . This may lead to an overestimation of the 3-MH pool and thus to underestimation of FDR of muscle proteins. Connective tissue proteins are, however, present in both fractions of the carcass FFDM: bone (Mello et al., 1975) and muscle (Nguyen and Zarkadas, 1989) . Considering the function of connective proteins, it is likely that the proportion of carcass protein present in connective tissues is closely related to the bone proportion. In the separation of carcass protein into bone and muscle protein, a changed muscle:bone ratio with experimental treatments is taken into account. Therefore, the underestimation of the FDR is likely to be independent of the experimental treatments.
In summary, the carcass method leads to estimations of muscle protein mass that may be too high but are independent of the experimental treatments. Therefore, this method is preferred over the creatinine method.
Implications
These experiments show that urinary creatinine excretion is not a reliable indicator of muscle protein mass in experiments with a wide range of nutrient intakes. The results of the 3-methylhistidine (3-MH) method should be taken with caution, because of problems with estimating the 3-MH pool size and contribution of other tissues to urinary 3-MH excretion. Nevertheless, it seems that increased protein deposition rates, caused either by increased protein or by protein-free energy intakes, are accompanied by increased fractional myofibrillar protein degradation rates.
